Background: Accurate measurements of airway and lesion dimensions are important to the developmental progress of paediatric bronchoscopy. The malacia disorders are an important cause of respiratory morbidity in children, but no methods are currently available to measure these lesions or the airway lumen accurately. A new measurement technique is described here. Methods: The magnification power of a paediatric videobronchoscope was defined and a simple and user friendly computer based program (Image J) was used to develop an objective technique (colour histogram mode technique, CHMT) for measurement of the airway lumen. Results: In vivo intra-observer and inter-observer repeatability coefficients for repeated area measurements from 28 images using the Bland-Altman method were 0.9 mm 2 and 1.6 mm 2 , respectively. The average intraclass correlation coefficient for repeated measurements of area was 0.93. In vitro validation measurements using a 2 mm diameter tube resolved radii measurements to within 0.1 mm (coefficient of variability 8%). An ''acceptable result'' was defined in 92% of 734 images completed with the CHMT alone and 8% with its modification. The success rate for two of three images being within 10% of each other's area was 100%. Measurements of cricoid cross sectional areas from 116 patients compared with expected airway areas for age derived from endotracheal tube sizes were comparable. Conclusions: The CHMT method of identifying and measuring airway dimensions is objective, accurate, and versatile and, as such, is important to the future development of flexible videobronchoscopy.
T he capacity for accurate identification of airway lumen, its dimensions and objective measurement is an important but yet to be realised development for a paediatric bronchoscopist. Indeed, as the role of flexible videobronchoscopy (FVB) continues to expand in clinical and research work, incorporation of accurate real time measurements of distance, airway cross sectional area, and size of lesions or their impact on cross sectional area would be a major advantage, particularly when assessing hypoplastic airways, malacia disorders, and stenoses that may involve both the lower and upper airways. [1] [2] [3] [4] [5] In addition, it would enable an understanding of the effects of the dynamics of lung mechanics and lung volume variations. 2 6 7 A variety of techniques from simple square counting to sophisticated computing techniques and ultrasound have been developed and modified to measure the cross sectional area of airways or specific sites within the airway, but none have been incorporated in the routine workings of paediatric bronchoscopic instruments. 6 8-15 This situation is currently influenced by limiting factors in the engineering of bronchoscopes and image processing, which include the inability to accurately define the position and orientation of the bronchoscope lens in space; the effects of distance on magnification; the effects of variable magnification across the field of view; and the effects of geometric, radial or curvilinear, and anamorphic distortion. 16 17 For image processing of an airway or lesion to be carried out, the computing techniques must identify the outline of the airway rapidly and accurately. Once these data are obtained, the magnification power of the bronchoscope and the operating distance from the object are prerequisites to calculation of actual size. Currently, estimates of distance can be made but cross sectional area and diameter measurement and apparent loss of area are either descriptive and subjective approximations or relative changes in area across the respiratory cycle. These have generally been performed with visual inspection methods where intra-observer and interobserver variations are likely to be high or, in some cases, not defined. 2 8 These impressions of area or size of a lesion may be reinforced by passage of the bronchoscope or an endotracheal tube into and through lesions where this is physically possible. 18 The major problem with this impression is the lack of reference data and a reference point from which to make objective comparisons. Even though there are data on relative proportions of the components of the airway, there are no longitudinal or cross sectional study data for children but, more importantly, there are none that take into account respiratory cycle timing. [19] [20] [21] [22] Currently, clinical decisions are made from relative and subjective approximations used in conjunction with the symptoms and signs of the patient. 23 This paper describes a new and user friendly method to define and measure the airway lumen using a paediatric FVB and readily accessible and inexpensive computer software. We describe the intra-observer and inter-observer reliability of this technique, its in vitro validation, and its in vivo application, and compare airway size measurements using this technique with measurements using different methodologies.
METHODS
Real time FVB images captured by a digital video camera (Sony Mini DV Digital Handycam, Sony Corporation, Tokyo, Japan) were downloaded digitally to a laptop computer (MAC Power Book G4, Apple Inc, Cupertino, CA, USA) using an image capturing program (BTV Pro Carbon, Ben Bird) and an image processing program (Image J, Wayne Rasband, National Institute of Health, USA) that enabled airway lumen identification and cross sectional area measurement. The calibration and measurement of the bronchoscopic magnification power, reliability testing, validation of the technique, and in vivo testing are described below.
Magnification and calibration of videobronchoscope
Magnification power of the bronchoscope (Olympus BF type 3C160) was derived by comparing the image size of an object to actual size of the object at specific distances from the object. The details of the derivation of magnification factors for the bronchoscope have been published and contain tables of magnification factors for a range of working distances: at a distance of 10 mm from the object the magnification was 69.55.
24
Identification and calculation of cross sectional area of airways The identification of the airway lumen and cross sectional area for measurement were derived in the following way by using the ''Tools'' function, the Image ''Adjust Colour Balance'' function, and the Analysis ''Region of Interest'' function of the Image J software. The image of the airway captured by the BTV program was processed in 24-bit RGB colour and the histogram of the colour band (pixel number and intensity) as obtained by the image J program was divided at the mode point by the maximal and minimal brightness moveable line-that is, placing the line at the same point or in the vertical plane through the mode point (highest point) of the image's colour histogram. This resulted in red, yellow, white and black colours, the black area being formed in the darkest part of the field of view-the luminal orifice of the selected airways. The Wand (tracing) tool was then selected and applied to the black area. This resulted in the outline of the black area or airway lumen being defined. The cross sectional area was calculated with the region of interest (ROI) and selection measurement functions. The real size of the image was then calculated by correcting for the magnification factor at that particular distance. This technique was referred to as the ''colour histogram mode technique'' (CHMT). Figures 1-3 show examples of the images and the defined airway lumen for measurement from a variety of sites within the airway that were obtained by the methodology described above. These three frames of each image also demonstrate the capacity to identify objectively the lumen from various sites within the paediatric airway. Frame 1 displays the actual airway image; frame 2 displays the area identified and defined for measurement and the superimposed colour histogram; and frame 3 displays the outline of the area measured in each sequence superimposed on each of the original airway images.
The mechanism by which the measurements are made with the Image J colour balance function is as follows. The original image was captured as a 24-bit RGB image from which a histogram of the colours is formed with 256 brightness bins from the eight colours (red, green, blue, cyan, magenta, yellow, black and white). The bin with the greatest pixel count is the mode point. The mode point and surrounding brightness bins on all of the images are a result of the tissues reflecting the light that surround the airway orifice. Once the mode point is defined and the minimum and maximum brightness levels are set to the mode point, the original image will only display the eight palette colours, so anything that is darker than the mode point (such as the airway of interest) will be shaded black and all other parts will be shaded one of the remaining seven colours (predominantly red, yellow and white). This then allows the area of interest (airway lumen) to be clearly marked and measured with a pixel count of a set scale through the Tools function and ROI manager functions of the Image J Program.
Validation and reliability testing

Validation testing
Validation experiments were carried out using a drilled opaque white plastic tube of 2 mm internal diameter and 20 mm long. Caliper measurement of the internal diameter varied between 2.02 mm and 2.05 mm. These tubes were placed at the end of an airway model such that distances from the tip of the bronchoscope to the object and the distances moved at the position of entry could be compared. These distances were measured with an electronic digital caliper to the nearest 0.002 mm. The bronchoscope was hand held at the entry point and a peg was placed at the zero point (bronchoscope tip touching the object); the bronchoscope was then withdrawn prescribed distances of 30, 20, 15 and 10 mm respectively from the object with the image positioned as close as possible to the centre of the screen. In all cases the longitudinal movement of the tip of the bronchoscope from the object was reflected by exactly the same measurement between the marker peg and the ultimate wedged position. Despite the relatively large lumina of the model, there was no ''slack effect''-that is, the bronchoscope did not alter its position and it accurately retraced to its original zero point position. Images were then captured using the colour histogram mode technique. The radii of the validation tubes were calculated from the areas measured by the CHMT as described above, and compared with the real radii of the engineered tubes. The radii were calculated from the magnified area in accordance with the following formula: pr mag 2 where r mag = radius real 6 magnification factor. Radii were also calculated from perimeter measurements and direct linear measurement of diameter via functions of the Image J program.
Reliability testing
Digital video images obtained from a series of children who had undergone FVB (Olympus BF Type 3C160, Olympus, Tokyo, Japan) for chronic cough were opportunistically selected for assessment that included measurement of airways cross sectional area. Twenty eight end expiratory images from 18 patients of median age 30 months (range 2-127 months) were used for analysis. All FVB procedures were performed under spontaneously breathing general anaesthesia using sevoflurane and oxygen. 3 5 23 Airway lumina were identified and measured at the following sites: cricoid cartilage ring (n = 4), left main stem bronchus (n = 4), right main stem bronchus (n = 7), left upper lobe bronchus (n = 3), left lower lobe bronchus (n = 4), bronchus intermedius (n = 2), and trachea at the site of tracheomalacia (n = 4). All images were taken when the tip of the bronchoscope was positioned 10 mm from the object (airway of interest). This was done by positioning the image on the FVB television monitor as close as possible to the centre of the field of view. The ''zero point'' was then defined at end expiration by touching the object (nearest carina to lumen) and placing a marking peg on the bronchoscope at the site of exit of the bronchoscope from the anaesthetic mask. In the malacia cases the most proximal or ''downstream'' end of the malacia segment was defined as the site of assessment and ''zero point''. The bronchoscope was then withdrawn 10 mm and advanced again to check that the zero point was correct. When this was achieved the bronchoscope was held in that position with a 10 mm wedge between the peg and the mask port.
In vivo measurements
The in vivo tests of the above technique were carried out by assessing the success rates of the technique on images taken from all FVBs on a further 35 children. This was a different group of children from those whose images had been used in the reliability testing and had undergone bronchoscopy as part of their investigation for protracted or chronic cough (more than 3 months) and/or associated wheeze. At each image site (cricoid, right main stem bronchus, left main stem bronchus, bronchus intermedius, left upper lobe bronchus, left lower lobe bronchus, and areas demonstrating tracheomalacia and bronchomalacia) 3-5 images were collected. End expiratory images at each site were collected within a 20 second epoch. In total, this took less than 5 minutes to collect all of the images. An ''acceptable result'' was defined as that which could be completed with the CHMT and was visually representative of the luminal outline as shown in the figs 1-3. Image group sites were considered acceptable if two of three images defined as acceptable were within 10% of the cross sectional area of each other. To assess the effects of light intensity on shadowing, in vivo images were captured at two different light settings for the same individual-normal and low operating light level, the latter being performed by simply reducing the light intensity meter by two or three notches such that the visual contrast was optimally enhanced between the lumen and bronchial wall tissues. These in vivo images were compared with the measured visual assessment at these light settings. The visual assessment or the visual assessment modification of the CHMT used the same methodology with the colour histogram except the mode point was not used as the defining point of the binary assessment; instead, the histogram minimum and maximum brightness intensity line was moved so that as much as possible of the desired site of assessment was incorporated into the area being outlined and measured. This was done because it was observed that the normal light intensity tended to underestimate the areas of measurement at some sites within the airway while reduced light intensity appeared to approximate the real area perceived by visual inspection.
To estimate the applicability of these measurements to the clinical situation, comparisons of these areas were also made with external diameter derived cross sectional areas of endotracheal tube sizes that could be expected for the age of the child using the commonly used formula for endotracheal tube size: (Age/4) + 4. 25 This was carried out on further children (total n = 116) subsequently accrued after the initial pilot data had been gained from the first 35 patients.
The study was approved by the institutions ethics committee and written and informed consent was obtained from each child's parent.
Statistical analysis
Bland-Altman plots were used to examine intra-observer and inter-observer reliability expressed as repeatability coefficients (1.96 6 SD). The Bland-Altman approach compares the difference between observations on the same subject using different measurement methods, and recognises that methods agree if the differences are small. Reliability ratings of measurements for continuous data from normal light, low light, and visual assessments of area were assessed using intraclass correlation expressed as an average reliability coefficient. 26 Success rates for satisfactory tests defined as ''acceptable results'' and coefficient of variation of repeated measurements of cross sectional area from the plastic model were expressed as percentages. Paired comparisons were made with a Wilcoxon pairs test with significance levels of (0.05. All statistical analyses were carried out using SPSS for MAC version 11 (SPSS Inc, Chicago, IL, USA).
RESULTS
Validation
The validation results showed very high levels of agreement of measurements at all distances (10 mm, 15 mm, 20 mm and 30 mm) with the lowest variations at 30 mm and the highest at 15 mm. The mean calculated radius from the measured areas was 0.94 mm and the coefficient of variation for this measurement was 7.5%. Radii calculated from perimeter and direct diameter measurements were 1.06 mm and 1.05 mm and the coefficients of variation were 8.2% and 8.5%, respectively.
Reliability
The intra-observer and inter-observer reliability of measurements performed on 28 images from 18 patients are shown in the Bland-Altman plots in fig 4. The intra-observer repeatability coefficient was 0.9 mm 2 while the inter-observer repeatability coefficient was 1.6 mm 2 for images that had an average size of 20 mm 2 . This represents a 5-10% range in repeatability for these measurements. In practical terms, these are remarkably small differences and would be of little clinical concern.
In vivo measurements
The paired comparison of airway cross sectional areas from the cricoid, right main stem and left main stem bronchi using low light, normal light, and visual assessments is shown in table 1. While there were significant differences in cross sectional areas measured at all sites by the normal light CHMT and normal light visual assessment method, there were only significant differences between the low light CHMT and low light visual assessments at the cricoid. This was due to the tendency of the low light technique to incorporate the posterolateral angles of the cricoid into the measurements (see fig 3A) . Normal light visual and low light visual assessments negated these additional posterolateral areas, and these assessments were not significantly different for all site comparisons (p = 0.12, Wilcoxon) or for the cricoid specific comparisons (p = 0.33, Wilcoxon). The average intraclass correlation alpha value for normal light CHMT compared with normal light visual assessment was 0.90 (95% CI 0.80 to 0.95), and for low light CHMT compared with low light visual assessment the average intraclass correlation alpha value was 0.93 (95% CI 0.86 to 0.97).
The in vivo success rate of CHMT for an ''acceptable result'' was 91.7%, with 673 of 734 images taken from 35 patients being completed by CHMT alone while the remaining 8.3% were completed by the visual assessment modification of CHMT. The success rate for the collection of two of three images whose cross sectional area measurements were within 10% of each other was 100%. Comparisons of the airway lumen (cricoid) with the existing areas derived from the external diameters of the endotracheal tubes expected for the age of the patient are shown in table 2. There appears to be a tendency to underestimate in older children, but there is a wide range of sizes.
DISCUSSION
This is the first study defining an objective method of identification and measurement of airway lumen calibre. We have shown that the CHMT method is highly reliable and versatile in its capacities to be used in both the extrathoracic and intrathoracic large airways. The study has shown that the technique has very high intra-observer and inter-observer reliability and that the cross sectional area as assessed at ''low light intensity'' is more likely to be representative of the true cross sectional area than that captured at ''normal operating light'' across a variety of lesions and airway sizes. In the clinical situation this means that the most representative or visually true area for measurement can be obtained from simply racking the light intensity meter down two or three notches. This process does not change the capacity of the technique to identify the lumen objectively. In view of the simplicity of the technique and the ''user friendly'' inexpensive software, we speculate that this new method might be applicable to all forms of flexible videoscopic work. In addition, with further developments of its user independent attributes, this technique offers the potential of a computerbased real time measurement that can be incorporated into the routine workings of this type of bronchoscope.
The validation measurement variability with our technique was excellent with a coefficient of variation in area of 7.5%. As the bronchoscope was ''hand held'', slight movement differences within the tip of the bronchoscope and therefore its orientation to the object were possible. The random scatter of the points that were greater than 5% of the real measure strongly supports this and implies that the cross sectional area measurements are also highly reliable and representative of real life situations. Currently, as shown in table 2, there does appear to be a tendency to underestimate the size of the cricoid in older patients. This is more likely to be a function of bronchoscopic positioning 10 mm from the object than a limitation of the measurement tool and process itself. 24 However, while cricoid size-as defined by diameter measurements with MRI-appears to be linearly related to size, it does have a very wide range of ages for any one measurement distance. 15 27 Furthermore, our in vivo data are within acceptable levels of agreement with the existing (though limited) data on tracheal cross sectional areas from CT scanning, and even with the recent videoscope and ultrasound data involving cricoid measurements only. 15 28-33 This level of agreement has to be considered in the context of different anatomical sites, a number of methodological differences, and the fact that many CT studies have shown extensive intra-subject variations in tracheal measurements across sites and the respiratory cycle. 28 29 32-34 The methodological differences between our study and CT studies relate to the effects of anaesthesia, lung volume, respiratory timing, and averaging calculation methods. For example, Griscom sampled infants at near functional residual capacity and older children with a breath hold at or near total lung capacity, and there were a variety of states of consciousness (awake and/or sedated) within the group. [28] [29] [30] [31] The assessment site and conditions of our patients were much more uniform in that we selected the cricoid at end expiration in anaesthetised patients spontaneously breathing with oxygen and sevoflurane. Sevoflurane has a dose dependent bronchodilating effect on bronchoconstricted proximal airways but it is not known to cause bronchodilatation in unconstricted airways. 35 We have previously shown that this anaesthetic and bronchoscopic technique may be associated with degrees of hypercapnia, but this effect is more likely to be related to minute ventilation effects than to isolated lung volume effects. 5 As the cricoid is a complete ring, it is highly unlikely that any of these or associated factors would have altered the measurements of area in any inconsistent way, thus enhancing the robustness of our results. The trachea is known to undergo dynamic changes across the respiratory cycle, whereas the cricoid (being a complete ring) is not subject to such variations. 29 In our study we assessed cricoid size at the end of expiration because, at this point in time, the cross sectional area of the extrathoracic airway is maximal but, more importantly, the dynamic action of the trachea during inspiration is to lengthen, thus moving the object of interest in the field of view away from the lens and consequently altering the magnification factors. CT studies have generally not only discounted the effects of the respiratory cycle, but also the point of measurement can be difficult to ascertain radiologically and they have therefore used averaging over a number of sites. The zero point of our measurements was at end expiration for the aforementioned reasons, and also because the end expiratory pause period was readily definable and therefore a period where measurement was logistically easy. While it might be argued that a real time comparison of our measurement with that of a CT scan should have been made, there were and are a number of limitations to this means of dual assessment in the paediatric population which negated this approach. Firstly, radiation scatter of the metallic tip of the bronchoscope is likely to disrupt the capacity for accurate reconstruction and measurement of the sites concerned. In addition, if the measurements are not done concomitantly, the radiation dose required for construction of a virtual CT scan would be increased and there could be no regulation or control of lung volumes to ensure an ideal comparison. Finally, there are ethical considerations of increased cancer risk associated with paediatric CT scanning, especially with repeated measurements that would be required for follow up. 36 The factors that govern tissue reflectance and absorption of light during the respiratory cycle while under anaesthesia are complex and, no doubt, are compounded by the physical effects of the instrument, the type of light, airway suctioning, and disease processes. [37] [38] [39] The effects of severely desaturated tissue are unknown for this method, but the oxygen saturation level of haemoglobin is only one of many factors that govern reflectance from tissues. While these issues need to be elucidated, this technique is very simple and could be easily applied to any clinical bronchoscopic service as it does allow for accurate representation of the lumen despite all of the above factors being present in many of the patients assessed. Our CHMT is similar to that described by Kumar et al. 6 They used an 8-bit histogram binary technique to define the gut lumen in which grey level thresholding was used to find the darker areas of an endoscopic image. However, when we applied a similar black and white (binary) technique to our airway images, it did not identify the lumen with adequate success rates.
A real time and automated measurement system that allowed immediate access to airway cross sectional area and percentage predicted assessments for age or other indices of growth would be advantageous to a bronchoscopist. This is not currently available, but this technique of automated identification and measurement of lumen brings us a step nearer. In conclusion, CHMT applied to FVB images provides a versatile, representative, and accurate method of measuring airway dimensions. This technique therefore has enormous potential for documenting serial changes in a whole range of congenital and acquired airway lesions encountered in paediatric bronchoscopy. The objective nature of the measurements also provides the basis for a real time and automated measurement technique to be developed and applied to routine bronchoscopic work. It may also lead to a tool for three dimensional (3D) reconstruction of the paediatric airways and airway lesions.
